cent data demonstrating that the peripheral B-cell count decreased for approximately 3 months following single RTX administration [17] , we designed a protocol of repeated RTX administration for children with SDNS. The present study was conducted to clarify whether the longterm remission of SDNS can be obtained by the repeated administration of RTX and by maintaining a decreased peripheral blood B-cell count.
Patients and Methods

Patient Population
The patients enrolled in this study met the following criteria: (1) they were younger than 20 years old, (2) they had idiopathic NS, (3) the disease was SDNS despite conventional immunosuppressants, such as CsA, CPA, MZB, azathioprine (AZP) and MMF were being taken, (4) they did not have SRNS, and (5) they had no history of RTX treatment.
The definitions and criteria for NS, remission, relapse, frequent relapse, steroid dependency, and steroid resistance were those of the International Study of Kidney Disease in Children [18] : patients with two consecutive relapses of NS while receiving prednisolone (PSL) on alternate days or within 15 days of its discontinuation were defined as having SDNS; patients with two or more relapses within 6 months after initial therapy or four relapses in any 12-month period were defined as having FRNS; patients with the inability to induce remission with 4 weeks of daily steroid therapy (60 mg/m 2 BSA or 2 mg/kg, max. 80 mg/day) were defined as having SRNS [19] ; relapse was defined as heavy proteinuria (3+ or 4+ by dipstick for more than 3 consecutive days); complete remission was defined as the disappearance (negative by dipstick) of proteinuria.
Approval of the off-label use of RTX and of the study protocol was obtained from the institutional review boards of Kansai Medical University (No. 1118). All patients and their parents gave their written informed consent.
Therapeutic Protocol
Before the RTX infusions, we determined the patients' complete blood counts, biochemical parameters (total protein, albumin, blood urea nitrogen, creatinine, uric acid, alanine aminotransferase, aspartate aminotransferase, lactate dehydrogenase, serum levels of electrolytes, serum immunoglobulin (Ig) levels), CD19+ B-cell counts by flow cytometry, and titers of hepatitis B virus and hepatitis C virus. Chest radiographs and electrocardiograms were obtained, and echocardiography was also carried out because recent clinical case series reported that acute coronary syndromes, severe cardiac arrhythmia, and fatal interstitial pneumonia can be induced by RTX therapy [20] [21] [22] [23] . After a patient obtained remission with PSL, we administered RTX intravenously at 375 mg/m 2 BSA/time (max. 500 mg/time) every 3 months for a total of 4 times. In order to minimize infusion reactions, we gave the patients acetaminophen and cyproheptadine hydrochloride 30 min prior to the RTX infusions [17] . Patients were observed in the hospital for at least 24 h after RTX infusion. Chemoprophylaxis with sulfamethoxazole-trimethoprim was given during B-cell depletion to reduce the risk of Pneumocystis jirovecii infection [24] .
Follow-Up
For all patients, clinical and laboratory parameters, including complete blood counts, biochemical parameters described before and CD19+ B-cell counts were monitored once every 3 months. PSL was tapered and discontinued after the first RTX infusions and MMF was administered (30-40 mg/kg/day) after 3 months from the final RTX infusions if parental informed consent was obtained. However, the detailed protocols for discontinuation of PSL or administration of MMF were left to doctors in charge.
Patients were followed up for at least 21 months after they had been given the first RTX infusions, that is, 12 months after the last RTX infusions. The frequency of relapses, steroid-free periods, and dosages of steroids were evaluated before and after the RTX treatment. B-cell depletion was defined as a CD19+ cell count <10 cells/ mm 3 at any time, and B-cell re-emergence was defined as a CD19+ cell count >10 cells/mm 3 .
Statistical Analysis
We used the Wilcoxon signed-rank test to compare the number of relapses, steroid-free periods, PSL dosages, B-cell counts, and serum Ig levels before and after RTX infusion. The level of statistical significance was set at p < 0.05. At the time of RTX infusion, all patients suffered from severe steroid-dependent conditions and could not discontinue steroid usage under several immunosuppressants, such as CsA, MZB, AZP and MMF. The effects of severe steroid toxicity, such as short stature, obesity, osteoporosis, hypertension and cataracts, were observed in all of the patients.
Results
Patients' Characteristics
The median age at the start of the RTX administration (range) was 14.4 (10.3-17.0) years. The median (range) observation period was 6.3 (0.9-8.4) years before RTX administration and median (range) number of relapses before the commencement of RTX was 8 (3-12) episodes.
Clinical Course after RTX Treatment
The 5 patients' clinical courses after the start of the RTX infusions are shown in table 2 . All patients were able to discontinue PSL usage at a median of 79 days after the start of the infusions and they could also decrease the number of administered immunosuppressants.
As shown in table 3 , complete B-cell depletion was achieved in 4 patients with MCD out of the 5 subjects (80%): in 1 patient (patient 5 with FSGS), B cells decreased but were not depleted. The disease in all patients remained in remission for a median of 2.2 years after their first RTX infusions. However, three relapses occurred in 3 patients (patients 2-4) following the start of RTX (the period from starting RTX to relapse was 2.2, 1.9, and 2.3 years, respectively); all of these relapses developed in parallel with the re-emergence of B cells. In these patients, remissions could be introduced by PSL within 10 days and have never received further RTX. Furthermore, discontinuation of PSL could be possible while it was not achieved before RTX treatment, suggesting that the administration of RTX improves responsiveness to PSL. Interestingly, patient 5 (with FSGS) did not experience a relapse after the RTX infusion, though complete B-cell depletion was not achieved, and his steroids were discontinued on day 79.
Comparison of Clinical Indicators before and after RTX Treatment
As shown in tables 2 and 3 , the changes in the clinical indicators from before to during the 12 months after last RTX administration were as follows (median value (range)); all declined significantly (p < 0.05): (1) annual number of relapses: before administration 1.4 (1.1-3.5) times/year, after administration 0.0 (0.0-0.0) times/year; (2) steroid dosage: before administration 0.80 (0.23-0.96) mg/kg/day, after administration 0.03 (0.02-0.27) mg/kg/ day, and (3) peripheral blood B-cell count: before administration 196.0 (94.6-371.2) counts/μl, during administration 2.72 (0.920-116) counts/μl. Thus, comparing before and after the administration of RTX, the frequency 
Adverse Events
Reactions to the infusions were observed once in 1 patient in a total of 20 times of RTX administrations for 5 patients (5%), though it was mild respiratory distress. No serious side effects or infectious diseases that required discontinuation of the trial were seen.
Discussion
RTX, anti-CD20 monoclonal antibody, has been successfully used in the last decade to treat patients with refractory NS, including SDNS [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, the place of RTX in the treatment of SDNS remains to be established because of the low quality of evidence according to the recently issued clinical practice guideline for kidney diseases by KDIGO (Kidney Disease: Improving Global Outcomes) [25] : it is suggested that RTX can be considered only in children with SDNS, who have continuing frequent relapses despite optimal combinations of PSL and corticosteroid-sparing agents, and/or who have serious adverse effects of therapy.
Nonetheless, case series report that RTX has considerable efficacy against childhood SDNS, although many patients tend to relapse within 1 year consistently with the re-emergence of B cells if receiving RTX at a dose of 375 mg/m 2 BSA once weekly for 4 weeks [5] [6] [7] [8] [9] . The recent investigation into SDNS demonstrated that the peripheral blood B-cell count decreased for about 100 days upon single RTX administration before NS relapsed [17] . Thus, it has been postulated that the effectiveness of RTX treatment is related to the depletion of B cells and the patients appear to be dependent on RTX with relapse after CD19+ B-cell re-emergence. Therefore, the optimal therapeutic protocol seems to be regular repeated doses, with one infusion at the time of CD19+ B-cell re-emergence while there have been no reports of giving RTX every 3 months for children with SDNS to date.
These findings prompted us to conduct the prospective study of a repeated administration of RTX characterized by 4 times at 375 mg/m 2 BSA/time at 3-month intervals. As a result, our regimen clearly indicates that it is effective for children with SDNS because (1) all of the patients could discontinue steroids, (2) the frequency of relapses was significantly reduced, (3) the steroid-free period was significantly extended, and (4) the mean steroid dosages were significantly reduced. Furthermore, it is of note that the median time to first relapse after initiating RTX was as long as 2.1 years.
In the current study, three relapses occurred in 3 patients in parallel with the re-emergence (>10 cells/mm 3 ) of B cells ( table 2 ) and that the median time to B-cell count re-emergence was as long as 11.8 months (range 9.7-13.2) after the final course of RTX ( table 3 ) . Therefore, re-dosing with RTX at 1 year after the completion of 4 times of RTX administration might be efficacious to prevent the relapses. Thus, our regimen with repeated administration of RTX by 4 at 3-month intervals seems to be superior to the previous regimens [6, 7] in terms of relapse-free interval by the induction of longer period of B-cell depletion. The mechanism(s) of action how the RTX -a chimeric monoclonal antibody directed against the CD20 antigen expressed on B-cells -prevents relapses in the children with SDNS are currently unknown. Since Shalhoub's [26] proposal that MCD is a disorder of T-cell function with release of a circulating factor inducing proteinuria about four decades ago, activated T cells had been thought to play a key role in its pathogenesis. Based on this concept, it has been postulated that steroid and diverse immunosuppressants induce remission and prevent relapses via their suppressive effects on T cells [1] . However, a number of recent clinical observations provided evidence of an important role for B cells in the development of NS including our study [27] [28] [29] . In fact, RTX can be effective in treating patients with refractory NS [6, 7, 30] while it has been successfully used in patients with B-cell lymphoma and autoimmune disease such as systemic lupus erythematosus [31] . These results may imply that RTX can prevent relapses in refractory NS by attenuating Tcell function via inhibition on the interaction between B cells and activated T cells. Meanwhile, interestingly enough, recent studies demonstrated a mechanism by which the RTX prevents recurrent FSGS after kidney transplantation through a direct regulation of podocyte function [32, 33] . As this mechanism appears to be independent on B cells, it offers further rationale to introduce RTX in treating SDNS. From that perspective it is of note that patient 5 with FSGS in the current study achieved long-term remission after the RTX infusions, although complete B-cell depletion was not achieved.
While RTX has been used in clinical settings for over 10 years for hematological malignancies, it can lead to rare but lethal adverse events, such as progressive multiple leukoencephalopathy, interstitial pneumonia, ulcerative colitis, and P. jirovecii pneumonia [34] [35] [36] . The most severe adverse effect reported to date is lung damage, particularly a pulmonary hemorrhage leading to death [37] . In the present study, the adverse events associated with RTX were acceptable: a mild reaction to the infusion was observed in once among 20 times of infusions (5%). In fact, there have been no reports of progressive multiple leukoencephalopathy caused by RTX in children with NS, whereas 1 patient with SRNS died from interstitial pneumonia after RTX therapy [38] . There are also remaining doubts regarding infectious complications that could be related to hypogammaglobulinemia: it has been postulated that prolonged B-cell depletion leads to a progressive decrease in the serum IgG level [9, 39] . However, we observed no significant effect of the RTXinduced B-cell depletion on serum IgG levels in agreement with the observation by Delbe-Bertin et al. [39] . Thus, it is considered that RTX is relatively well tolerated in children with NS. Nonetheless, IgG monitoring should be performed in patients with RTX-induced B-cell depletion and the effects of persistent B-cell depletion on the developing immune system in children should be carefully monitored for a long period as no sufficient data regarding the adverse effect of RTX currently exists. We also recommend that CD19+ B-cell counts should be monitored every 3 months during the RTX treatment and 3 months after the final administration and then once a month until confirming their re-emergence.
There are several limitations of the current study. First, it was a prospective one with a very small number of patients, with no placebo-controlled group, though it seems difficult to design such a study considering the established efficacy of RTX in the patients with SDNS. Second, the detailed protocols for discontinuation of PSL or administration of MMF in conjunction with RTX treatment were left to doctors in charge.
In summary, we verified that the regular repeated doses of RTX, with one infusion at the time of CD19+ B-cell re-emergence, showed better results than the previous reports of RTX for the treatment of SDNS. The effectiveness of RTX is considered to be related to the depletion of B cells and/or regulation of podocytes. The primary aim of the therapy for children with SDNS is to maintain sustained remission with reduced co-administration of immunosuppressive drugs, thereby avoiding serious side effects. Therefore, it is concluded that the repeated administration of RTX against SDNS in children may be a useful therapeutic option. Although RTX appears to have a relatively good safety profile, the question now is how long to continue RTX treatment and which treatment should be used after the discontinuation of RTX therapy.
